The aim of this project was to study how the morphology of the incoming and outgoing arterial components of the cerebral basal arterial network influence the blood flow to the brain. The cerebral basal arterial network consists of the circulus arteriosus cerebri anteriorly and the basilar artery posteriorly. Diameters of inflow vessels (bilateral vertebral and internal carotid arteries), connecting vessels (anterior communicating, basilar and bilateral posterior communicating arteries) and outflow vessels (anterior, middle and posterior cerebral arteries) were measured and cross-sectional areas calculated in 51 cadaveric brain specimens. The individual and the average cross-sectional areas of inflow arteries (51.43 mm 2 ) were significantly bigger than the major outflow arteries (37.76 mm 2 ) but smaller than the combined cross-sectional areas of outflow (37.76 mm 2 ) and connecting (25.33 mm 2 ) arteries. The difference in the size of arterial cross-sectional area and the presence of the connecting arteries in the cerebral basal arterial network provides a mechanism for lowering peaks in pressure, and demonstrates a function of the cerebral basal arterial network.
Introduction
Stable perfusion of brain tissues at a high and constant rate is required due to high metabolic demands of the brain, while at the same time the high amplitude of cerebral perfusion pressure waves needs to be reduced. The brain development occurs by expansion of three embryonic vesicles (O'Rahilly & M€ uller, 2006) , thus the entire blood supply comes from a small set of closely related arteries (Menshawi et al. 2015) . These exceptional circumstances are reflected in the structure of the origins of the arterial supply to the brain, an anastomotic cerebral basal arterial network from which all major arteries branch. The anterior portion of the cerebral arterial network, the circulus arteriosus cerebri (CAC), first described by a Paduan anatomist Julius Casserius (1552-1616) and subsequently by Thomas Willis (1621 -1675 , includes the cerebral parts of right and left internal carotid arteries (ICA), precommunicating parts of right and left anterior cerebral arteries (ACA), anterior communicating artery (AComA), right and left posterior communicating arteries (PComA), and the pre-communicating parts of the bilateral posterior cerebral arteries (PCA) (Rogers, 1947; Feindel, 1962; De Silva et al. 2009; Bender et al. 2013; Vasovi c et al. 2013) . Traditionally the role of the circulus arteriosus cerebri at the base of the brain has been considered to serve for collateral circulation when some feeding arteries are interrupted. However, it has been suggested recently that the anterior component of the cerebral basal arterial network (i.e. circulus arteriosus cerebri) serves to limit peak systolic pressure propagating into cerebral arteries and serves as a passive energy-dissipating system (Vrselja et al. 2014) . A study of a mathematical model by Alastruey and colleagues showed that the arterial system supplying the brain does not require the collateral flow pathways through the posterior communicating arteries to effectively perfuse the brain in healthy people with complete circulus arteriosus cerebri (Alastruey et al. 2007 ). However, the increase in haemodynamic activities was noticed through the PcomA, which acted as an outflow vessel off the internal carotid artery in case of hypoplastic or absent first part of ACA or PCA (Vrselja et al. 2014) . The blood flow through the communicating arteries could be both ways, depending on the sites of variations (Alastruey et al. 2007) .The data used by Alastruey and colleagues for their model were obtained from various tertiary resources that included different brains (Alastruey et al. 2007; Izzy & Muehlschlegel, 2014) . They used the data provided by a number of sources including Fahrig et al. (1999) , who also took secondary random data from more than eight groups of authors. The objective of the current study is different from Alastruey et al.'s (2007) investigation and we present data from real cadaveric brains and sizes of components of cerebral basal arterial network, which have been statistically analyzed. This analysis tests the hypothesis (Vrselja et al. 2014 ) that the arterial circle of the brain provides a mechanism for dampening peak cerebral perfusion pressures in brain arteries rather than just being a precaution against the possible rare event of one of the main inflow or connecting arteries being blocked or absent.
The cerebral basal arterial networks show a number of variations in structure and arrangement (De Silva et al. 2011; Hannequin et al. 2013; Gunnal et al. 2014 ). Many of these variations are clinically important because of their associations with aneurysms and cerebrovascular accidents (Dell, 1982; Alnaes et al. 2007; Guerri-Guttenberg, 2009; Leblanc et al. 2009; Sampath et al. 2010; Bender et al. 2013; Brown & Broderick, 2014; Gunnal et al. 2014) . Cerebrovascular accidents are the second leading cause of death (Feigin et al. 2014 ) with increasing mortality and morbidity rates worldwide (D 'Souza, 2015) , including Australia and Sweden (Hankey et al. 2002; Nieuwkamp et al. 2014) . Cerebrovascular aneurysms are associated with many factors such as tobacco smoking, hypertension, female sex and family history of cerebrovascular diseases (Ellamushi et al. 2001; D'Souza, 2015; Turan et al. 2016) . Variations in the anatomy of cerebral arteries are another important factor (Alnaes et al., 2007; Brown & Broderick, 2014) . A shorter cranial part of the internal carotid artery and high haemodynamic stress acting across the variant cerebral arteries have been reported as a risk factor for the development of aneurysms (Alnaes et al., 2007; Kim & Kang, 2007; Zuleger et al. 2010) . Pressure gradient across the arteries in which the blood flows is inversely proportional to the cross-sectional areas of the vessels (Zamir, 1977; Fung, 1997) . Therefore, cross-sectional areas of all components of the cerebral basal arterial network need to be investigated to elucidate the pressure gradients across the arterial network. The primary aim of this study was to investigate the cross-sectional area of incoming, communicating and outgoing cerebral basal arterial network components and to determine their role in cerebral arterial circulation.
Materials and methods
Ethics approval for the dissection and removal of brains from the cadavers and use of already dissected brains was obtained from the University of Adelaide (No. H-2014-176) before commencing the study. Fifty-one prosected brains with complete arterial components were used in the study. Due to the process of de-identification of dissected brain specimens, the age and sex were only available for 26 brains. The external diameters of the arteries flowing into and leaving the cerebral basal arterial network were measured at specific sites (Figs 1 and 2 ) perpendicular to their long axis, using digital Vernier callipers. The digital Vernier callipers have been used to measure lengths and diameters of arteries in cadaveric brains (Kamath, 1981; Samuels et al. 2000; Gellman et al. 2001; Aldur, 2006; Lo et al. 2006; Koppenhaver et al. 2009; V azquez et al. 2009; Siddiqi et al. 2013) . Reliability of the measurements was verified by re-measuring the arterial diameters of 15 cadaveric brains (Table 1) . Red lines indicate the sites where the diameters were measured in millimetres (mm). BA, basilar artery, diameter measured at midway between SCA and PCA; rt VA, right vertebral artery, diameter measured at the most distal part; lft VA, left vertebral artery, diameter measured at the most distal portion; lft P2, second part of the left posterior cerebral artery, diameter measured at the proximal portion; rt P2, second part of the right posterior cerebral artery, diameter measured at the proximal portion; rt PComA, right posterior communicating artery, diameter measured at around the mid-point; lft PComA, left posterior communicating artery, diameter measured at around the mid-point; rt ICA, right internal carotid artery, diameter measured at the level of optic chiasm; lft ICA, left internal carotid artery, diameter measured at the level of optic chiasm; rt A2, second part of the right anterior cerebral artery, diameter measured at the most proximal part; lft A2, second part of right anterior cerebral artery, diameter measured at the most proximal part; AComA, anterior communicating artery, diameter measured around mid-point; rt M1, first part of right middle cerebral artery, diameter measured at the most proximal part; lft M1, first part of left middle cerebral artery, diameter measured at the most proximal part; SCA, superior cerebellar artery and PCA, posterior cerebral artery.
Cross-sectional area of each artery was calculated using the formula A = pr 2 , where A and r are cross-sectional area and radius, respectively.
The following are the sites of the measurements taken from the incoming, outgoing and communicating cerebral arterial components. 
Statistical analysis
The data were analyzed statistically using Microsoft EXCEL 2013 and Statistical Package for Social Sciences (SPSS), version 22. The individual and average cross-sectional areas of incoming, outgoing and communicating arterial components were calculated. Descriptive statistics, Pearson product-moment correlation coefficient and Spearman rank-order non-parametric correlation procedures were used as SPSS analytical techniques. The assumed significant probability (P) value was set at < 0.05.
Results
Means and standard deviations of individual diameter and the mean sum of cross-sectional areas of four incoming arterial components (terminal right and left internal carotid arteries, distal portion of the right and left cranial vertebral arteries), six outgoing components (the most proximal portion of second part of right and left anterior cerebral artery, the most proximal portion of the first part of right and left middle cerebral artery and the most proximal portion of the second part of right and left posterior cerebral arteries) and four communicating branches including the basilar artery (the mid-point of anterior communicating artery, the mid-point of the right and left posterior communicating arteries, terminal portion of the basilar artery midway between posterior cerebral and superior cerebellar arteries) are presented in Tables 2 and 3 , Figs 1 and 2. Means and individual sums of cross-sectional areas of the arteries (in square millimetres) leaving the cerebral basal arterial network and communicating arteries were significantly bigger than those of the incoming arteries (Table 4 , Fig. 3 ). The individual and average cross-sectional areas of four incoming arteries were correlated to six major outgoing arteries (r = 0.63, P ≤ 0.0001, n = 51) and combined outgoing and communicating arteries (r = 0.56, P ≤ 0.0001). The average communicating arterial cross-sectional area was correlated with the incoming components, although less strongly (r = 0.36, P ≤ 0.04, n = 51), less than the outgoing arteries (r = 0.40, P ≤ 0.0001, n = 51). Statistically significant correlations in cross-sectional areas of multiple, unilateral and bilateral cerebral arterial components are presented in Supporting Information Table S1 . 
Discussion
Anatomists from Croatia, on the basis of theoretical considerations, have advanced a hypothesis that circulus arteriosus cerebri has the function of stabilizing the perfusion pressure across the two cerebral hemispheres, more than maintaining the collateral circulation. Findings presented here are in agreement with the hypothesis and strongly favor the incorporation of basilar artery into the circulus arteriosus cerebri as an additional communicating branch. This incorporation implies that the cerebral basal arterial network (CBAN) is supplied by internal carotids and vertebral arteries, the arterial circuit supplying the whole brain, including the brain stem and the cerebellum. Caplan and team indicated that intervertebral arterial collateral blood flow (via the proximal basilar artery) and retrograde basilar arterial blood flow (via the distal basilar artery) might occur (Caplan, 1979) . Internal carotid arteries may compensate for insufficiencies of vertebral arterial blood flow via posterior communicating branches of circulus arteriosus cerebri into posterior cerebral arteries and from there into the basilar artery and its branches, such as superior cerebellar arteries. The bridging of circulus arteriosus cerebri anteriorly and vertebral arteries posteriorly by the BA would allow retrograde flow or blood flow from one vertebral artery to another. Therefore, basilar artery is considered one of the communicating arteries in the cerebral basal arterial network system. The dimensions of arteries studied here compare well with those reported by other authors (Siddiqi et al. 2013) (Table 5 ). Variations in cerebral arteries, particularly in the interhemispheric anterior communicating artery (De Silva et al. 2009 ), posterior cerebral arteries, middle cerebral arteries (Gunnal et al. 2014) , bilateral PComA (Chuang et al. 2008 ) and anterior cerebral arteries have been reported (Malamateniou et al. 2009; Klimek-Piotrowska et al. 2013; Papantchev et al. 2013 ). These cerebral arterial variations could alter the hemodynamics and cerebral perfusion pressure and affect the blood flow into the right or left sides of the brain. A rapidly enlarged left PComA developed just 4½ months after an ipsilateral ICA aneurysm coiling procedure (Jeck et al. 2002) . This indicates that the PComA acts as one of the outflow arteries off the ICA. Aneurysms may develop when high pressure encounters a weakened arterial wall. Therefore, altered haemodynamics may contribute to the development of aneurysms. According to a French physician, Poiseuille's fluid dynamics model (Faber, 1995) , longitudinal pressure gradient is required to pump fluid through a vessel and it is inversely proportional to the fourth power of the radius of that vessel (Zamir, 1977 ). The deformation is not possible in viscoelastic fluid (such as arterial blood) and the fluid pressure waves keep moving (Joseph, 2013) , i.e. the pressure wave could be transmitted in either direction of communicating arteries of the CBAN.
In this study, the average incoming, outgoing and communicating cross-sectional areas were correlated with each other; however, a relatively weaker relationship was noticed between incoming and communicating components (Table 3, Fig. 3 ). The sample size of 51 brains is not very large in this study. However, our results compare reasonably well with data published by various authors on various arterial components (Fahrig et al. 1999; Alastruey et al. 2007; Siddiqi et al. 2013) .
The combined greater cross-sectional area of the arteries leaving the cerebral basal arterial network (efferent arteries) and communicating arteries compared with those of the incoming arteries (afferent arteries) indicates that there is a reduction in mean arterial pressure (MAP) gradient from incoming to outgoing arteries. A computational haemodynamic study of the cerebral vasculature also Table 4 Spearman's rho correlations above diagonal and Pearson product-moment correlations below the diagonal among four incoming (bilateral vertebral and internal carotid arteries), six outgoing (anterior, middle and posterior cerebral arteries) and four communicating (anterior communicating, basilar and bilateral posterior communicating arteries) average arterial cross-sectional areas measured in square millimetres (mm 2 ). considered PCA, MCA and ACA as the outflow components and has proven that blood flows towards the larger crosssectional and low pressure region (Wiedeman, 1962; Fung, 1997) . A study measuring arteries in bats and dogs showed a linear decrease in arterial diameter and an increase in mean total cross-sectional area of the arteries and arterioles distally. Similarly, the arterial wall shear stress decreases as the total mean cross-sectional area increases along the distal arterial tree (Fung, 1997) . Also, an increase in abdominal aortic arterial wave amplitude has been documented in the presence of a decreased ratio of cross-sectional area of the outgoing common iliac arteries to the parent vessel (Lasheras, 2010; Fung, 2013) . The significant difference between incoming and outgoing cross-sectional areas of CBAN components (Fig. 3, Table 3 ) indicates the importance of having communicating arteries to normalize the cerebral perfusion pressure and ensure adequate perfusion to the brain. A cerebral arterial network haemodynamic experiment revealed that the deviation from normal cerebral arterial anatomy gives rise to a high and low wall shear stress (WSS) around the bifurcation sites and predisposes to development of aneurysmal dilation (Alnaes et al., 2007; Boussel et al. 2008 ). An uneven cerebral arterial blood flow found among the participants in two studies done using magnetic resonance angiography (MRA) (n = 208) was attributed to the variant cerebral arterial anatomy, and indicated that variations in cerebral arterial anatomy could lead to uneven cerebral arterial blood flow and velocity (Hendrikse et al. 2005; van Laar et al. 2006) . The same studies found increased contralateral ICA blood flow in individuals with missing A1 (303 mL min À1 AE 56 SE) compared with the normal ipsilateral flow (214 mL min À1 AE 94 SE) without any variation. The mean arterial pressure and the change in vessel diameter has been found to be linear from centre to periphery during the systolic and diastolic phases of a complete cardiac cycle (Sugawara et al. 2000) . A recently published theoretical and mathematical model of cerebral arterial network has provided a haemodynamic calculation which contradicts the currently accepted concept of the compensatory flow function of the arterial network under physiological conditions. In another study, the vertebral MAP wave was observed to be dissipated once the bilateral vertebral arteries united, forming the bigger cross-sectioned basilar artery in a computational experiment (Alnaes et al., 2007) .
On this occasion, we have proposed the concept of having four connecting arteries (AComA, left and right PComA and BA) which serve as a perfusion pressure wave dampening communicating arterial system. The theoretical computational study done by Vrselja et al. (2014) . Table 5 Comparison of dimensions of proximal left (lft) and right (rt) anterior cerebral artery (A1) in multiple studies (Siddiqi et al. 2013) including our study, and the measurements were taken in millimetres (mm). discussed the concept of arterial radii, shear stress, pressure flow relationship, normal relationship on smaller sum of proximal and greater sum of distal arterial cross-sectional area and flow rate (Fung, 1997; Zamir, 1977; Lasheras, 2010) ; our cadaveric findings on a larger sum of four incoming and a smaller sum of six major outgoing cerebral arterial cross-sectional area support the cerebral arterial pressure-easing role of communicating branches of the cerebral basal arterial network system. We have now explained the reasons for introducing of this concept in more detail and stated that it is based on a logical train of thought, not on an experiment. It should be noted that if the cross-sectional area of small outflowing arteries leaving the cerebral basal arterial network (such as anteromedial central, hypophyseal, posteromedial central, pontine, labyrinthine, posterior inferior cerebellar, labyrinthine and anterior inferior cerebellar arteries) was calculated, it would have been included within the sum of outgoing arteries leaving the cerebral basal arterial network in this study. Therefore, the positive difference between cross-sectional areas of outgoing + communicating arteries and incoming arteries would be increased, which would further strengthen the conclusion reached in this study.
Contribution to the discipline
This study provides a novel concept that could contribute to the understanding of normal and pathological cerebral haemodynamics. The incidence of cerebrovascular accidents (CVA) is rapidly increasing, more particularly in elderly people (> 70 years of age), in developed nations (Feigin et al. 2003) . Furthermore, it has been shown that the incidence of ischaemic stroke, intracerebral and subarachnoid haemorrhage varied from 4.2 to 11.7% per thousand persons per year among people aged 55 years or more (Feigin et al. 2003; Izzy & Muehlschlegel, 2014) . The global burden of stroke is increasing and cerebral arterial variations leading to misbalanced cerebral haemodynamics and intracranial aneurysms have been identified as one of the major causes of ischaemic stroke and spontaneous intracerebral haemorrhage (Qureshi et al. 2001; Feigin et al. 2014; Izzy & Muehlschlegel, 2014) . A study in Sweden (Nilsson et al. 2000) has shown that almost 81 of 106 cases (76%) of subarachnoid haemorrhage resulted from spontaneous rupture of an intracranial aneurysm. Larger aneurysms were at greater risk of rupture (Mitchell & Jakubowski, 2000) . The global burden of stroke is increasing (Feigin et al. 2014; Izzy & Muehlschlegel, 2014) . A multinational study including Australia revealed that the complete cost of disabilities from CVA varies according to patient's age, the presence of other diseases and their severity (Caro et al. 2000) and worse stroke outcomes have been noticed in women (Phan et al. 2016) . Each patient spent almost US$ 14,000 on treatment in the first 3 months of acute CVA; 70% of the cost resulted during admission and initial treatment. An Australian study done in 2009 showed a very expensive (AU$49,995 to AU$57,106) lifetime cost per CVA case (Cadilhac et al. 2009 ). As aneurysms have been correlated to variant and hypoplastic arteries and abnormal cerebral haemodynamics resulted from the variations, our finding broadens the interpretation of the function of the communicating arteries to the distribution of pressure waves and the haemodynamic stress-lowering mechanism in the cerebral basal arterial network. However, we strongly recommend further research and an additional study done such as in vivo pressure measurement while performing the cerebral surgical procedures and aneurysm-coiling procedures.
Conclusion
Significant differences in cross-sectional areas of incoming and outgoing arteries, together with cross-sectional area of communicating arteries could provide a mechanism for lowering the peak pressures of arterial blood perfusion of the brain, thus lowering the incidence of aneurysms.
